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Implications of Extracranial Distortion in Ultra-High-Field Magnetic Resonance Imaging

for Image-Guided Cranial Neurosurgery

Eduard H. Voormolen'?, Sander J.H. Diederen’, Peter Woerdeman’, Jan Willem Berkelbach van der Sprenkel’,
Herke Jan Noordmans®, Fredy Visser*®, Max A. Viergever’, Peter Luijten®, Hans Hoogduin®, Pierre A. Robe’

BACKGROUND: Ultra-high-field magnetic resonance im-
aging (MRI) of the brain is attractive for image guidance
during neurosurgery because of its high tissue contrast and
detailed vessel visualization. However, high-field MRI is
prone to distortion artifacts, which may compromise image
guidance. Here we investigate intra- and extracranial dis-
tortions in 7-T MRI scans.

METHODS: Five patients with and 5 patients without skin-
adhesive fiducials received magnetization-prepared T1-
weighted 7-T MRI and standard 3-T MRI scans. The 7- and
3-T images were rigidly coregistered and compared. Intra-
cranial distortions were evaluated qualitatively, whereas
shifts at the skin surface and shifts of the center positions of
skin-adhesive fiducials were measured quantitatively.
Moreover, we present an illustrative case of an ultra-high-
field image-guided skull base meningioma resection.

RESULTS: We found excellent intracranial correspon-
dence between 3- and 7-T MRI scans. However, the average
maximum skin shift was 6.8 + 20 mmingroupAand5.2 + 0.9
mm in group B. The average maximum difference between
the skin-adhesive fiducial positions was 5.6 + 3.1 mm in
group B. In our tumor resection case, the meningioma blood
supply could be targeted early thanks to 7-T image guidance,
which made subsequent tumor removal straightforward.

CONCLUSIONS: There are no visible intracranial dis-
tortions in magnetization-prepared T1-weighted 7-T MRI
cranial images. However, we found considerable extra-
cranial shifts. These shifts render 7-T images unreliable for
patient-to-image registration. We recommend performing

patient-to-image registration on a routine (computed to-
mography scan or 3-T magnetic resonance) image and
subsequently fusing the 7-T magnetic resonance image
with the routine image on the image guidance machine,
until this issue is resolved.

INTRODUCTION

l ’ Itra-high-field magnetic resonance (MR) scanners are
becoming more widely available and are increasingly
used in neurosurgery.”> One of the main advantages of

scanning at ultra-high fields is that high-resolution images with

high signal-to-noise ratios can be acquired within clinically
acceptable time frames. Furthermore, image contrast between
different tissue types is enhanced compared with scans acquired
at lower-field strengths, for example between parenchyma and
blood (allowing imaging of blood vessels in great detail)** and
between tissues of differing iron and protein content (e.g., glioma
and healthy parenchyma).®” Moreover, the promising visualiza-
tion options for target structures of deep brain stimulation have
led to investigate its use in determining the surgical coordinates
for deep brain stimulation.>®° These characteristics theoretically
could make ultra-high-field images attractive to use for neuro-
navigation during neurosurgical resection of brain tumors

(Figure 1).

MR images acquired using ultra-high-field scanners may
however suffer from artifacts that violate the assumptions of
spatial encoding, causing positional distortions that may
compromise the spatial accuracy needed for image guid-
ance.”""™ Distortions can be categorized as originating from
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Figure 1. Potential of 7-T magnetic resonance (MR)
imaging for neurosurgery guidance. (A—C) Sagittal MR
images of a patient with a left-sided insular glioma. (A
and B) The 3-T T1-weighted and T2-fluid-attenuated
inversion recovery images are shown, respectively. (C)
T1-weighted 7-T image. This image visualizes the
tumor more clearly than the 3-T T1-weighted image; it
is almost comparable with the 3-T fluid-attenuated
inversion recovery image. Additionally, the 7-T image

distinctly shows the insular vessels. (D—F) Sagittal MR
images of a different patient with a left-sided sphenoid
wing meningioma, whose case is described in this
article (case 2). (D and E) The 3-T T1-weighted images
without and with gadolinium enhancement are shown,
respectively. (F) The T1-weighted 7-T scan. Both 3-T
images fail to clearly visualize a major arterial feeding
vessel which can be seen vascularizing the tumor on
the 7-T image (red arrow).

hardware or resulting from tissue characteristics. Intracranial
distortions have been analyzed previously: hardware-related
distortions in 7-T magnetic resonance imaging (MRI) are
below voxel size and do not significantly contribute to inaccur-
acies during image-guided procedures.”” Regarding artifacts
caused by patient tissue characteristics, 7-T MR images of the
brain in patients with Parkinson disease have comparable dis-
tortions with those observed on routine 1.5-T MRI.> Moreover,
7-T MR images of patients with skull base tumors have been
used for image guidance previously, without being hampered by
intracranial artifacts that affected clinical utility."*

Based on these reports, we attempted to use a Tr-weighted 7-T
MRI scan for image guidance with skin-adhesive fiducial-based
patient-to-image registration in a case of glioma surgery (see Box 1
for a full case description). This procedure was performed with a
backup 3-T MRI-based image guidance system. To our surprise
and in contrast with the aforementioned reports, tracking inac-
curacies during image guidance rendered the 7-T data useless.

This led us to investigate both extra- and intracranial positional
distortions at ultra-high MRI field strengths. We report here on
the measured shifts in the positions of extra- and intracranial el-
ements on 7-T MRI scans compared with standard 3-T MRI scans,
and assess whether the presence of skin-adhesive fiducial markers
influences these distortions.

MATERIALS AND METHODS

Subjects

To assess intracranial distortion, shifts at the skin surface, and
shifts in center positions of skin-adhesive fiducials, MRI data from
10 subjects were used. Five patients without skin-adhesive fidu-
cials were assigned to group A, and 5 patients with a total of 33
skin-adhesive fiducials were assigned to group B. Furthermore, we
present a surgical case with a left lateral sphenoid wing menin-
gioma, who was operated using 2 image guidance systems: one
loaded with 3-T MR images, used to perform the procedure, and
one loaded with 7-T MR images, for investigative use (Box 2). All
subjects received both magnetization-prepared Tr-weighted 7-T
MRI and standard 3-T MRI scans.

The scans of the patients in group A were obtained from an
anonymized research database (prospectively gathered at our
institution). These 5 patients were diagnosed with World Health
Organization grade II gliomas. Demographics for the 5 consecutive
patients with skin-adhesive fiducials in group B can be found in
Table 1. Approval for this study was obtained from the institutional
review board at the University Medical Center Utrecht.

MRI Scan Parameters. Patients received either a gadolinium-
enhanced or a noncontrast Tr-weighted 3-T MRI scan and a
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Box 1. Case 1: Suboptimal Experience with Ultra-High-Field Magnetic Resonance Image Guidance

A 65-year-old woman presented with a 6-week history of dysphasia and progressive cognitive decline. Imaging studies found a left
parietal mass with ring enhancement suspect of a high-grade intra-axial tumor. She underwent an ultra-high-field magnetic
resonance imaging (MRI). An awake resection (in park bench position) with bipolar cortical stimulation was performed with the aid
of image guidance with standard contrast-enhanced T1-weighted 3-T MRI and T1-weighted noncontrast 7-T MRI running simul-
taneously on 2 separate image guidance machines. The 3-T MRI fiducial registration error and 7-T fiducial registration error were,
respectively, 1.9 and 3.5 mm. During surgery, we found the target registration error in the ultra-high-field magnetic resonance
image guidance to be much >3.5 mm. Therefore, image guidance with the 7-T MRI was deemed unreliable and was discontinued.
Maximal safe resection was achieved under 3-T image guidance and neuromonitoring, and pathologic review revealed a glio-
blastoma multiforme World Health Organization grade IV. There were no postoperative complications.

noncontrast T1-weighted 7-T MRI scan. In group A, the 3- and 7-T
MRI scans were obtained within 4 weeks from each other. In
group B, both scans were obtained on the same day. Scan pa-
rameters were identical in groups A and B. Parameters for the 3-
dimensional sagittal magnetization-prepared turbo field echo 3-T
scan are as follows: field of view 256 x 256 X 192 mm3 (matrix
256 x 256 X 192), inversion time g6o ms, echo train length 232,
readout repetition time 7.93 ms, echo time (TE) 4.5 ms, bandwidth
241 Hz/pixel, and flip angle 8°. The 7-T scan parameters of the 3-
dimensional sagittal magnetization-prepared turbo field echo
sequence are as follows: field of view 256 X 256 x 200 mm?
(matrix 256 x 256 X 200), inversion time 1200 ms, echo train
length 256, readout repetition time g ms, TE 2.0 ms, bandwidth
506.3 Hz/pixel, and flip angle 8°. Total imaging times were 6
minutes and 44 seconds and g minutes and 36 seconds for the 3-
and 7-T MRI scans, respectively. Prior to the acquisition at 7 T, a
Bo field map was acquired. The area of the brain of this map was
used for third-order Bo shimming. Image-based shimming was
based on the acquisition of a dual echo gradient echo sequence
with ATE = 1 ms. The Bo maps provided by this sequence where
automatically exported for further processing in an in-house
developed software package. Processing consisted of brain
extraction, phase unwrapping, and up to third-order fitting of
spherical harmonics to the Bo maps. The calculated shim currents
were automatically loaded by the scanner software and used in
subsequent sequences. At 3 T, the standard autoshim method of
the scanner was used for linear shimming.

3- and 7-T MRI Coregistration. Image-to-image coregistration was
performed using a 2-step semi-automated method implemented in

the MevisLab visual programming environment (MeVisLab 2.6
[MeVis Research, Bremen, Germany]). The first step was a manual 6
degrees of freedom linear registration without scaling to produce a
coarse alignment of the images. The second step was an automatic
linear transformation of the regions of interest based on a mutual
information cost optimization. The automatic registration step was
performed with the use of open source toolbox Elastix (Utrecht, the
Netherlands).” In this fashion, the ultra-high-field images were
rigidly transformed (i.e., transformation without scaling or defor-
mation) and overlaid on the 3-T images for each subject.

Intracranial Distortion Evaluation. Qualitative evaluation of image
distortion of intracranial tissue was performed on the coregistered
3- and 7-T MR images by 2 neurosurgeons (E. H. V. and P. A. R.).
Two different methods were used.

First, color-coded difference images were generated based on
image intensities from both images. Second, checkerboard views
were made and the overlap of the images was estimated in 3
orthogonal directions (Figure 2). Both methods were used
simultaneously. The difference image was used to screen for
potential regions of distortion (it has a very high sensitivity for
differences between images), and all these regions were then
meticulously evaluated with the checkerboard view, making use
of windowing, panning, and zooming and varying the size of
the checkered squares. We made sure that differences in the
images did not represent differences in biological information
(e.g., blood vessels). Different brain regions (ventricles, brain
lobe cortices, and brain tumors) were evaluated systematically,
and the extents of nonoverlap (i.e., distortions) were noted
(Table 1). Moreover, we validated our results by comparing a 7-T

grade 1.

Box 2. Case 2: Benefit of Ultra-High-Field (7-T) Magnetic Resonance Image Guidance

A 74-year-old woman presented with a 4-year history of progressive short-term memory problems and a 6-month history of pro-
gressive headaches. Imaging studies revealed a solid enhancing tumor at the left lateral sphenoid wing, suspect for meningioma. It
was decided to perform a resection. The patient underwent an ultra-high-field magnetic resonance imaging (MRI). Before surgery,
the T1-weighted 7-T MRI was fused with a standard 3-T MRI on the navigation machine. Because there was no gadolinium
enhancement of tumor tissue, but vessels were readily visualized on the 7-T MRI, we could easily localize the major arterial feeder, a
branch of the middle meningeal artery (Figure 1E). After patient-to-image registration, the fiducial registration error measured 2.3
mm. We used image guidance to direct our craniotomy and guide the subsequent drilling of the sphenoid wing to explore the
feeding branch first. It was localized (Figure 5) and cauterized. Afterward, an en bloc resection of the tumor was achieved with
minimal blood loss. There was no postoperative complication. Pathology showed a meningioma World Health Organization
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Table 1. Demographics and Results of the Intra- and Extracranial Distortion Evaluation per Group and per Case

Fiducial Shift
Location (mm) Skin Shift (mm) Shift at (Number of Voxels)
Case Age Mean Mean Midbrain/ Frontal Parietal Temporal Occipital Posterior
Number Sex (Years) Group Pathology Lobe Side Gadolinium Fiducials + SD Maximum =+ SD Maximum Ventricles Cortex Cortex Cortex  Cortex Fossa Tumor
1 n/a n/a A Low-grade  QOccipital L No No n/a n/a 15+ 46 0 0 0 0 0 1 0
glioma 1.0
2 n/a n/a A Low-grade  Temporal L No No n/a n/a 1.7 + 8.8 0 0 0 0 0 1 0
glioma 1.2
8 nfa n/a A Low-grade  Insula L No No n/a n/a 2l ES 9.1 0 0 0 0 0 0 0
glioma 18
4 n/a n/a A Low-grade  Temporal R No No n/a n/a 11+ 52 0 0 0 0 0 0 0
glioma 09
5 n/a n/a A Low-grade  Qccipital L No No n/a n/a 12 + 6.5 0 0 0 0 0 0 0
glioma 1.0
Group n/a n/a (#5601 6.8
mean Ual
6 F 82 B Neurocognitive N/A  n/a No Yes 27 + 45 1.1+ 52 0 0 0 0 0 0 n/a
(15 0.7
7 F 75 B Neurocognitive N/A  n/a No Yes 15+ 25 10 £+ 39 0 0 0 0 0 0 n/a
07 0.5
8 F 74 B Meningioma Sphenoid L Yes Yes 5201 84 16 + 6.1 0 0 0 0 0 0 0
27 1.0
9 M 25 B Low-grade  Insula L Yes Yes 36 + 94 103 6.0 0 0 0 0 0 0 0
glioma 3.2 0.7
10 E 65 B High-grade  Parietal L Yes Yes 30 + 315 18 £ 49 0 0 0 0 0 0 0
glioma 0.5 0.7
Group 32+ 5,6 [F3)-+ 52
mean 1.7 0.7
Overall 14 + 6,1
mean 0.9

n/a, not applicable; L, left; R, right; F, female; M, male.
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Figure 2. Checkerboard images of 4 different cases
displaying 3-T magnetic resonance (MR) images with

and without contrast and 7-T MR images, showing
excellent overlap.

MR image with a computed tomography (CT) image by rigidly
registering both images and comparing the midcenter brain.

Shifts in Skin Surface. The 3-T and coregistered 7-T images were
analyzed using the same BrainVoyager (Brainvoyager 20.6 [Brain
Innovations, Maastricht, The Netherlands]) workflow. The built-in
region-growing algorithm (threshold at the image intensity of the
skin) was used to segment the cranium from the background.
Background voxels were set to 0. A mesh was iteratively morphed
to find the surface of the cranium with the following parameters:
smoothing force of 0.07, border control of 1.0, and surface finding
force of 0.3, finding intensity of the lowest image intensity of the
skin; interpolation was set to trilinear (Figure 3A). The meshes
were then imported into the MeVisLab programming
environment and analyzed further (Figure 3B).

A region of interest was imposed on the mesh, containing the
convexity of the head, orbit, and nasal root, because this area is used
as matching surface for most surface-based (i.e., skin tracing)
patient-to-image registration algorithms (Figure 3C). Next, the
unsigned Euclidian distance between 3- and 7-T meshes was
calculated for every node in the region of interest, and statistics
(mean, SD, and maximum) were given. A color-to-distance—coded
mesh was generated (Figure 3D). We validated this method on

additional data by comparing 3-T MR images with CT images:
skin shifts yielded maxima of <2.0 mm (data not shown).

Shift in Skin-Adhesive Fiducials. The center points of all skin-
adhesive fiducial markers (Medtronic, Minneapolis, Minnesota,
USA) were designated by a neurosurgeon (E. H. V.) both on 3- and
7-T MRI scans of 5 patients before coregistration. We did not
correct for intraobserver fiducial localization because its variability
showed a submillimetric effect on target position (data not
shown), as shown in previous research.”® After coregistration, the
center points were subjected to the same transformation function
as the images. Subsequently, the Euclidian distance between the 3-
and 7-T positions for each center point was calculated in a custom-
implemented method in the MevisLab programming environment.
A flowchart illustrating the analysis performed in this paper can be
seen in Figure 4.

Surgical Cases. Intraoperative image guidance was performed with a
Medtronic Stealth Treon system (Medtronic Surgical Navigation,
Louisville, Colorado, USA). Surgeries were performed according to
hospital protocol and standard microsurgical techniques. A May-
field head clamp (Integra LifeSciences, Saint-Priest, France) was
used for fixation of the head in all cases, and in the meningioma case
a Budde Halo retractor system (Integra LifeSciences) was used.
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Figure 3. lllustration of the surface skin shift analysis.
(A) A rendering of the generated skin surface mesh of a
7-T image is shown (see Materials and Methods
section for details). (B) Renderings of the 3-T mesh (in
blue) and 7-T mesh (in pink projected on top of each
other). (C) The 3- and 7-T mesh regions of interest

(showing the parts of the skin surface most commonly
used for surface-based patient image registration: the
forehead, orbit, and nasal root) are depicted. (D) A
rendering of the color-to-distortion mesh (green <2.
0-mm shift, orange 2- to 3-mm shift, red 3- to 4-mm
shift, and purple >4-mm shift).

RESULTS

Intracranial Distortion Evaluation

No intracranial supravoxel distortions were found in the 7-T MRI
scans of group B (Table 1). We found no intracranial distortions
around the brain tumors. In group A, there were 2 cases where
the medulla oblongata appeared to be shifted by 1 voxel in the
7-T MRI scan compared with the 3-T MRI scan. A rigidly regis-
tered CT scan and 7-T MRI scan of 1 patient showed a midcenter
brain shift of 0.81 mm.

Skin Shift Evaluation

The overall mean shift of skin surface in group A was 1.5 & 1.1 mm,
and the maximum ranged between 4.6 and 9.1 mm. In group B, the
overall mean shift was 1.3 &+ 0.7 mm, and the maximum shift ranged

between 3.9 and 6.1 mm. Group differences were not statistically
significant. The skin shift averaged over both groups was 1.4 £ 0.9
mm with an average maximum shift of 6.1 + 1.6 mm (Table 1).

Shift in Skin-Adhesive Fiducials

We analyzed the shift in skin-adhesive fiducials in group B over a total
of 33 fiducials. The average shift was 3.2 & 1.7 mm, and the maximum
shift range was 2.5 & 9.4 mm. See Table 1 for results per case.

DISCUSSION

This study indicates that ultra-high-field MRI can be used safely
for cranial image guidance during brain tumor resection, provided
the image is not used as a basis for patient-to-image registration.
The reason that we conducted this study was because we found
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Figure 4. Flowchart of the image analysis performed.

7-T MRI to yield major neuronavigation inaccuracies in our glioma
case (as described in Box 1), whereas prior studies reassured us
that geometric distortions in 7-T MRI should be minimal,"
and 7-T images could be used for image guidance.’

We hypothesized that the observed inaccuracy was because
of the skin-adhesive fiducials of our patient. Perhaps the fatty
substance in the fiducials caused significant geometric dis-
tortions caused by the high magnetic field. Therefore, we
investigated whether significant intra- and extracranial (skin)
shifts were present in our 7-T data, and if these distortions
were influenced by the presence of skin-adhesive fiducial
markers.

We used qualitative methods to search for intracranial distortions,
very similar to the way a neurosurgeon or radiation-oncologist in the
clinic would evaluate images. Looking specifically at intracranial
distortions, we confirm that the extent of these distortions in
magnetization-prepared T1-weighted 7-T MRI scans in neurosurgical
patients with and without skin-adhesive fiducials appears to be of
subvoxel magnitude in comparison with 3-T MRI scans. Because 3-T
MRI is regularly used for clinical image guidance, this finding implies
that ultra-high-field MRI should be similarly suited for this purpose,
in keeping with previous reports.”*">*® Because this finding held true
in both patient groups (A and B), we also demonstrated that appli-
cation of skin-adhesive fiducials does not significantly distort
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Figure 5. Perioperative images of the meningioma case
(described in the Results section). (A) The
gadolinium-enhanced 3-T magnetic resonance (MR)
guidance image. (B) The corresponding (coregistered)
7-T MR image. (C) The image guidance tool pointed at
the drilled sphenoid wing at the location shown in A

and B. It is impossible to discern an arterial feeder in

the 3-T MR image, whereas the 7-T MR image shows
the vessel clearly. (D) After ligation of the feeder, the
tumor lost its main blood supply and could be removed
en bloc straightforwardly.

intracranial contents locally. We however did observe slight posi-
tional shifts of the medulla oblongata in 2 patients in group A.
Because these images overlapped very well for other parts of the brain,
image-to-image registration inaccuracy is unlikely. Although motion
artifacts caused by different head positions between scans may be the
explanation for these shifts, we cannot exclude that the multiple
tissue interfaces present in this area of the brain might have induced
additional distortions. Therefore, caution remains warranted for the
use of 7-T MR images for navigation in posterior fossa surgery.

We also observed that extracranial distortions can reach
considerable amplitudes in 7-T MR images. We found shifts in the
position of the skin surface of up to approximately g mm in 7-T
MRI scans compared with 3-T MRI scans. These skin shifts
were generally most profound around the lower forehead and orbit
(Figure 3D), which are locations typically used in most surface-
matching patient-to-image registration algorithms. Moreover, we
observed that skin-adhesive fiducials could shift up to approxi-
mately 9 mm as well.

Generally, at the skin surface, there is a high chance that sus-
ceptibility artifacts occur because of the air-skin interface and
because of the distance from the gradient center.">*® However, our
high scanning bandwidth of 500 Hz/voxel should make the
occurrence of susceptibility artifacts less likely. Therefore, an
alternative explanation for the extracranial distortions could be
that we used third-order Bo shimming, which is known to cause
Bo offsets at the level of the skin. Another possible factor
contributing to skin distortion might be displacement of the skin
during positioning of the head in the 7-T scanner, as a result of the
tighter head coil. More research is needed to elucidate the specific
cause of extracranial distortions, so as to arrive to a protocol
suitable for image guidance.

Future research regarding the effect of different phase-encoding
directions and other Bo shimming techniques seems to be
essential to find a scanning technique that entails less skin shift
and skin-adhesive fiducial shift, making 7-T scans reliable for
patient-to-image registration. Moreover, these findings may
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reduce local distortion and signal loss seen in especially inferior
frontal areas, near air-filled sinuses, improving the use of 7-T
scans for establishing deep brain stimulation targets.

In summary, we must conclude that it is presently not reliable to
use ultra-high-field MRI for patient-to-image registration, either
with skin surface matching or with skin-adhesive fiducial point-
matching algorithms. However, 7-T MRI scans can still be used
for image guidance as we demonstrated in case 2, by registering the
images on the image guidance machine with another reliable image,
such as 3-T MRI (as we did) or CT scan (as described by others™?).

CONCLUSIONS

This study demonstrates that no significant intracranial supra-
tentorial geometric distortion is present in Tr-weighted 7-T brain

MR images compared with 3-T Tr-weighted scans of patients with
skin-adhesive fiducials. Accordingly, it seems feasible to use such
scans for intraoperative image guidance.

However, we found extracranial distortions on 7-T MRI scans in
terms of skin surface shifts and shifts in center positions of skin-
adhesive fiducials. These shifts can lead to unacceptably high
patient-to-image registration inaccuracies if the 7-T MR image is
used as a basis for registration.

Therefore, we recommend performing the patient-to-image
registration on the basis of a routine (CT or 3-T MR) image, and
subsequently coregistering the 7-T MR image with this routine
image on the image guidance machine. This method was suc-
cessfully used in a skull base meningioma case, where the ability
to navigate on ultra-high-field MRI aided tumor resection.
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